We evaluated the age-related distribution of adenosine deaminase (ADA) and adenosine deaminase-complexing protein (CP) in rabbit kidney by immunohistochemical staining procedures. Paraffiior &-embedded tissue ftom rabbits <1 week-4 yeas of age were stained by the peroxidase-anti-peroxidase (PAP) method for ADA and CP. With the exception of neonates, the qualitative staining pattem of each protein remained generally constant with age. In the cortex, distal tubules, blood vessels, histiocytes, and epithelial cells lining Bowman's capsule stained for ADA. Proximal tubules and glomeruli were positive for CP. In contrast to the segregated pattem in the cortex, staining for ADA and CP overlapped in the corticomedullary junction. ADA and CP CO-localized on the brush border of tubule cells of the S3 segment. In the cytoplasm of these cells, staining for ADA was characterized by scattered punctate deposits of per-
Introduction
Extracellular adenosine is a regulatory substance. In a broad sense, adenosine provides a cell the means of altering its immediate external environment to respond to intracellular metabolic events.
A good illustration is provided by a general description of how adenosine &cts blood flow when the "work load" of a cell is increased (1,2). As more work is required (e.g., an increase in contractions by a myocyte) there is a concordant increase in utilization of ATP. When energy utilization exceeds the cell's capacity to resynthesize AD, there is a net breakdown of nucleotides and adenosine is released to the interstitium. This interstitial adenosine binds to plasma membrane receptors of the surrounding vasculature, thereby influencing blood flow to the affected area, which in tum aids in restoration of nucleotide pools (1.2).
Because of adenosine's broad range of potent physiological ef- oxidase reaction product. In some instances these punctate deposits also appeared to be positive for Cl? In medulla, epithelial cells of the thin limb were positive for both ADA and CP, whereas papillary collecting ducts stained only for Cl? These results document the age-related, tissue-specific expression and localization of ADA in renal tissue, features that probably reflect the crucial role played by the enzyme in adenosineldeoxyadenosine catabolism. In addition, colocalization of ADA and CP on the brush border of ells in the S3 segment of proximal tubules provides support for the hypothesis that one function of CP may be to position ADA on the plasma membrane of specific cell populations, further expanding the enzyme's utility in nucleoside me- fects, it seems likely that mammalian organisms have the means for fine regulatory control of extracellular adenosine levels (3). Understanding how this might happen is difficult because the metabolism of adenosine is a complicated process that involves blood flow, membrane transport, and metabolism through a number of enzyme pathways. In the kidney, extracellular adenosine influences hemodynamics (4.5), renin release (4,6), calcium mobilization (7). and solute secretion (8) . This multiplicity of effects, combined with the complex architecture of the kidney, has made it especially difficult to establish clear-cut cause-and-effect relationships between adenosine and specific renal processes. One means of achieving a better understanding is through characterization of the individual enzymes involved in adenosine metabolism. This approach has the advantage of dealing with a relatively static aspect of an otherwise dynamic system. A goal of our laboratory has been to contribute to clarification of the regulatory activities of adenosine by providing information about the cellular and subcellular location of adenosine deaminase (ADA) and the adenosine deaminase-complexing protein (CP). CP is a membrane-bound dimeric glycoprotein that binds ADA specifically and with high affinity (9) (10) (11) . The initial objective of this 775 study was to determine if the expression of ADA in rabbit kidney varies in an age-dependent manner. The second objective was to determine whether ADA is co-localized with CP and, if so, whether this association might provide insight into the control of adenosine concentrations in renal tissue.
Materials and Methods
Experimental Animals and Mate&. NYS(Fh) rabbits were obtained from Griffin Laboptory (NY State Department of Health; Albany, NY).
Materials used in this study were conjugated and unconjugated second antisera (Cooper Biomedical; Malvem, PA), sodium thiopental (Abbott Laboratories; N. Chicago, IL), and other chemicals (Sigma; St Louis, MO).
Antibodies. The production and purification of antibodies to ADA from rabbit erythrocytes (12) and CP from rabbit kidney (13) have been described. Immunoglobulins from normal rabbit sera were prepared by precipitation with sodium sulfate (14) .
F'reparaaon of Tissue. Kidneys were removed from rabbits of either sex that had been deeply anesthetized with sodium thiopental. Blocks of renal tissue were quickly excised and placed for 1 hr in Clarke's fixative (15) or in 0.1 M sodium cacodylate (pH 7.2) containing 0.2% glutaraldehyde and 1% paraformaldehyde. Blocks to be embedded in paraffin encompassed both the cortex and medulla. For resin embedment, smaller blocks of tissue containing cortex, medulla, or the corticomedullary junction were excised. After the initial hour of treatment, tissues were transferred to fresh fixative for an additional 3 hr. Glutaraldehyde-paraformaldehyde-fixed tissues were rinsed three times in buffer. Finally, tissues were dehydrated in a graded alcohol series and embedded in paraffin or in Epon/Araldite. Staining of Tissues. Depvzffinized sections (4-5 pm) and Epon/Araldite sections (2 pm), etched by immersion in a 1:3 solution of saturated sodium ethoxide in absolute ethanol (16) for 30 min, were stained for ADA and CP by the peroxidase-anti-peroxidase (PAP) method (17) using affinitypurified antibodies. Sections were pre-treated for 15 min with 50 mglml normal rabbit IgG diluted 1:5 in 0.01 M potassium phosphate (pH 7.4) containing 0.15 M NaCl, 25 mglml bovine serum albumin, and 0.1% Xiton X-100. The sections were then overlaid with 5 mglml affinity-purified goat antibodies to ADA or CP diluted 1500 or 11000, respectively. These solutions, as well as solutions of succeeding antibodies, were all prepared in the pre-treatment buffer. After 1 hr sections were rinsed in 0.01 M potassium phosphate (pH 7.4) 0.15 M NaCI, and then treated with rabbit anti-goat IgG (diluted 140) followed by peroxidase-goat anti-peroxidase (diluted 150). The sections were stained for peroxidase activity with 3,3'-diaminobenzidine tetrahydrochloride by the procedure of Dorling et al. (18) . All incubations were done at room temperature.
Staining was blocked by pre-incubating the appropriate antibody with purified ADA or CP. Antigen and antibody were combined at a ratio of 1.5 mg antigen:l mg affinity-purified antibody. After incubation for 30 min at 37°C. mixtures were diluted as described above and used for staining. Unblocked antibodies were carried through the same procedure. In other controls, primary antibodies were omitted or replaced with normal goat IgG.
CO-Iodization of ADA and CF! Sodium ethoxide-etched sections were stained sequentially for ADA and CP by a previously described procedure, with the exception that peroxidase staining for ADA was visualized with 3-aminO 9-ethylcarbazole as the substrate (19) . Brieily, slides stained for ADA were photographed and then dipped in absolute ethanol to dissolve the peroxidase reaction product. The slides were then stripped of antibodies by immersion in 0.01 M potassium phosphate (pH 7.4) containing 6 M guanidine hydrochloride and 1 mM 2-mercaptoethanol at 60°C for 3 hr. To complete the procedure, slides were stained for CP as described earlier and re-photographed (20) .
Electron Microscopy. Procedures for electron microscopy have been previously described (20) .
Animal Care. Animal care and use were according to guidelines prescribed by the Wadsworth Center for Laboratories and Research, New York State Department of Health.
Results

Age-dependent Expression of ADA and CP
As shown in 'Fable 1, there are age-dependent differences in the expression of ADA and CP in rabbit kidney. In very young rabbits (<1 week), the distribution of both ADA and CP was restricted compared with more mature animals. ADA was detected in the tunica intima of arterioles, whereas positive staining for CP was concentrated in proximal tubules of the inner cortex and medulla (' liable 1; Figures 1A and IC) . Tubules of the outer cortex did not stain for CP ( Figure IC) . In comparison, the staining patterns for Table 1 ADA and CP in young adult and mature rabbits were much more intricate (Table 1 ). Some differences between these two age groups were also apparent. In young adults, cytoplasmic constituents of distal tubule cells were lightly positive for ADA, whereas nuclei were more heavily stained with granular deposits of peroxidase reaction product (Figure 2A ). In older rabbits (>1 year), cytoplasmic staining was more uniform and was often intense ( Figure 2B ). Scattered non-parenchymal ADA-positive cells were observed in glomeruli of one mature rabbit (not shown). On the basis of location and morphology revealed by counterstaining, these cells have been identified as monocytes. Protein casts containing CP-positive material were occasionally seen in the tubules of older rabbits (not shown).
. A g e d a t e d dirttibution of adenosine deaminase and adenosine deaminase-complexing protein in rabbit kidney"
Localization of ADA and CP in the Corticomedullary Junction of Adult Rabbits
In contrast to the segregated pattem seen in the outer cortex, staining for ADA and CP overlapped in the corticomedullary junction of adult rabbits. In this region, epithelial cells of the straight segment of proximal tubules were positive for both ADA and CP. Staining for ADA was concentrated on the brush border of tubule cells in the transition zone between the S3 segment and Henle's loop (Figure 3A) . Nuclei and cytoplasmic constituents were also positive but did not stain as intensely ( Figure 3B ). Tubules higher in the S3 segment sometimes displayed cytoplasmic but not brush border staining for ADA. Punctate deposits of peroxidase reaction product were clearly evident in the cytoplasm of some of these cells ( Figure  3C ). As staining extended from the S3 segment, nuclear staining of cells lining Henle's loop was more prominent, whereas staining of cytoplasmic constituents and the plasma membrane became lighter ( Figure 3D) .
The distribution of CP in the corticomedullary junction was similar to but not completely congruent with that of ADA. Staining for CP in cells of the S3 segment was more uniform, with brush border and cytoplasmic staining being more nearly equivalent (Figure 4A ). Similar to ADA, staining for CP also extended into Henle's loop, defining the luminal membrane of epithelial cells lining the thin limb ( Figure 4B ). Nuclei did not stain.
Staining of paraffin sections showed that the brush borders of proximal tubules in the S3 segment were positive for ADA and CP. Epon-embedded tissue was used to investigate whether the ADA-positive punctate structures in the cytoplasm of some tubule cells also stained for CP (these structures are apparently lost during paraffin embedment). Resin-embedded sections were stained for ADA, photographed, and then stripped of antibody. These same sections were then stained for CP and re-photographed. Even with this technique, the intense, disseminated nature of staining for CP made it difficult in many instances to determine whether the two proteins are co-localized. However, comparison of cells displaying relatively discrete staining for CP revealed that some punctate structures positive for ADA also stained for CP ( Figures 5A and 5B) .
In other experiments, altemating thick and ultra-thin sections were used to correlate cytoplasmic staining for ADA with the ultrastructure of kidney tubule cells. Thin sections were viewed in the electron microscope. Thick sections were examined by light microscopy after staining for ADA. There was no obvious association between punctate deposits of stain representing localized concentrations of ADA and idensiable subcellularstructures (not shown). Attempts to localize ADA by direct staining of ultra-thin sections were unsuccessful, presumably because the amount of antigen available for reaction with antibody was below the level required for detection.
Distribution of ADA and CP in the MeduZZa of AduZt Rabbits
In the medulla, the distribution of ADA and CP again overlapped in epithelial cells lining Henle's loop. Similar to staining in the corticomedullary junction, nuclei and cytoplasm of these cells were positive for ADA, whereas CP was detected only on plasma membranes (not shown). In contrast, papillary collecting ducts and the papillary sheath were positive for CP but not for ADA. The plasma membrane of cells lining the ducts were outlined by deposits of peroxidase reaction product ( Figure 6A ). Cytoplasmic elements were more lightly stained. Hyaline casts containing CP-positive material were occasionally observed in the lumen of collecting ducts of older rabbits (not shown).
Discussion
The immunohistochemical staining results presented here indicate that the expression of ADA in rabbit kidney is age-dependent. Within the first week of postnatal life, staining for ADA was restricted to the tunica intima of renal arterioles, whereas rabbits 1 month and older exhibited a more intricate pattern of enzyme distribution characteristic of adult animals. Chinsky et al. (21) have reported that the expression of ADA in the upper alimentary tract of the mouse is also subject to developmental regulation. In these tissues, ADA activity is low at birth but increases substantially within the first month of postnatal development. These changes may reflect the need for increased levels of enzyme activity within spe- cific tissue compartments to meet the unique metabolic demands of maturing organs.
Segregation of adenosine pools within different compartments may be important for maintaining renal homeostasis. In kidney, adenosine plays a central role in renal hemodynamics through its influence on regional blood flow (22.23). glomerular filtration rate (22) (23) (24) . and urine flow (24.25). These regulatory activities are thought to be mediated by interaction of adenosine with extracellular receptors found in many of the specialized tissues of the kidney. With pharmacological techniques, adenosine receptors have been detected on glomeruli (26), the luminal and basolateral membranes of tubules (27, 28) , and on mesangial cells (29).
The tissue-specific expression and localization of ADA in the kidney are consistent with the hypothesis that this enzyme plays an important role in the renal metabolism ofadenosine/deoxpdenosine. In this context, we speculate that ADA in brain (12). heart (11) , and now kidney may help to maintain the role of adenosine as a "local regulatory substance" by setting upper limits on the concentration of the nucleoside in different tissue compartments. ADA on the brush border of tubule cells serves as a useful paradigm. Adenosine generated from ATP within tubule cells as a result of transport processes can enter the luminal space by facilitated diffusion. In addition to generating adenosine internally, the kidney also filters adenosine from arterial plasma (30). Evidence has also been presented that ecto-enzymes capable of degrading filtered nucleotides to adenosine are present on the renal brush border (31). Ecto-5'-nucleotidase. the enzyme that generates adenosine from 5'-AMP, has been localized on the brush border of rodent kidney. In most rats and mice, staining for the nucleotidase reaches maximal intensity in the S3 segment (32), the same area positive for ADA in rabbit kidney (Figure 3) . Le Hir and Kaissling (33) nucleotidase could, in theory, interact with adenosine receptors on the luminal membrane of tubule cells situated well downstream from its point of generation. Filtered adenosine or adenosine released from tubule cells might also interact with distant receptors. ADA bound to the brush border through CP could prevent this by converting adenosine to inosine, a compound with less regulatory activity, thereby keeping the action of the nucleoside confined to the immediate area of its release (34). This would also help to dampen the exchange of luminal and interstitial adenosine and, in combination with ADA in endothelial cells and histiocytes, would provide a mechanism for isolating extracellular nucleoside pools in the interstitial, vascular, and urinary compartments of renal tissue.
Although the binding reaction between ADA and CP is specific and of high affinity (35), the point at which the interaction occurs in situ has not been established. Lindly and Pisoni (36) have speculated that in human fibroblasts ADA is delivered to lysosomes in association with CP. Presumably, in this instance, the binding reaction takes place in the cytoplasm. Co-localization of ADA and CP in vesicle-like structures within proximal tubule cells is consistent with this possibility. Other reports raise the possibility that monomeric ADA is secreted by lymphocytes (37.38). If monomeric ADA were secreted by tubule cells, it would probably bind to brush border CP (20) . Additional studies will certainly be required to determine the pathway ADA takes to reach the proximal tubule brush border. In a recent report, Morrison et al. (39) present evidence that CP, dipeptidyl peptidase IV (DPP IV), and CD26, a T-cell activation protein, are the same molecule. Kameoka et al. (40) report the direct association of ADA and CD26 (CP) on the surface of T-cells. These observations add a new dimension to research aimed at determining the biological significance of the interaction between ADA and CPICD26.
In summary, the cell-specific expression and subcellular distribution of ADA in mammalian tissues probably reflects the central role played by the enzyme in adenosine/deoxyadenosine metabolism. Levels of ADA expression vary significantly among tissues of a single species. In humans, relative ADA activities span a hundredfold range (41). In murine tissues, which exhibit an even greater range of activities (42). the amount of enzyme protein has been shown to correlate directly with enzyme mRNA (21). At the subcellular level, ADA is localized in the nuclei of lymphocytes as well as various endothelial and epithelial cells (11, 12, 21, 43) . In oligodendroglia (12) , histiocytes (XI), and neurons (44). at least a portion of the enzyme is cytoplasmic. As demonstrated here and in earlier reports (45) (46) (47) . ADA can also be localized on the plasma membrane, probably through association with CP. Targeting of ADA to the nucleus or plasma membrane presumably requires the presence of specific signal sequences. Therefore, in addition to a catalytically active site for deaminating adenosine, ADA also possesses a CP-binding site and quite probably two signal sequences for directing it to its proper subcellular location. These features, in combination with an appropriate set of catalytic properties (41). provide cells with a very versatile enzyme for regulating tissue levels of adenosine. 
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